Nitrogen (N) is both an important macronutrient and a signal for plant growth and development. However, the early regulatory mechanism of plants in response to N starvation is not well understood, especially in cucumber, an economically important crop that normally consumes excessive N during production. In this study, the early time-course transcriptome response of cucumber leaves under N deficiency was monitored using RNA sequencing (RNA-Seq). More than 23,000 transcripts were examined in cucumber leaves, of which 364 genes were differentially expressed in response to N deficiency. Based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database, gene ontology (GO) and protein-protein interaction analysis, 64 signaling-related N-deficiency-responsive genes were identified. Furthermore, the potential regulatory mechanisms of anthocyanin accumulation, Chl decline and cell wall remodeling were assessed at the transcription level. Increased ascorbic acid synthesis was identified in cucumber seedlings and fruit under N-deficient conditions, and a new corresponding regulatory hypothesis has been proposed. A data cross-comparison between model plants and cucumber was made, and some common and specific N-deficient response mechanisms were found in the present study. Our study provides novel insights into the responses of cucumber to nitrogen starvation at the global transcriptome level, which are expected to be highly useful for dissecting the N response pathways in this major vegetable and for improving N fertilization practices.
Introduction
Cucumber (Cucumis sativus L.) is an economically and nutritionally important vegetable crop that is cultivated worldwide, although the highest global production is in China (http://fao stat.fao.org/site/567/DesktopDefault.aspx?PageID=567). How ever, for cucumber cultivation, a large quantity of nitrogen (N) fertilizer is usually applied to achieve a high yield, which is leading to substantial environmental degradation (Liu and Diamond 2005) . Furthermore, N fertilizer consumption has become one of the major costs in crop production, greatly reducing the net income of farmers. Therefore, determining methods of reducing the application of N fertilizer and improving the nitrogen use efficiency (NUE) of cucumbers while avoiding declines in yields and quality is an important research topic. Understanding the molecular mechanisms underlying acclimation to N deficiency is crucial for the improvement of NUE in crop plants.
Previous studies have demonstrated that N is not only a major nutrient element that serves as a constituent of amino acids, nucleic acids, many cofactors and secondary metabolites (Marschner 1995) , but also acts as a signal to regulate many biological processes, from metabolism to resource allocation, growth and development (Crawford 1995 , Marschner 1995 , Stitt and Krapp 1999 , Bouguyon et al. 2012 . It is well known that the different effects of N on plant morphology are highly dependent on its concentration (Crawford 1995) . Previous studies have found that in plant cells, the genes encoding the nitrate assimilatory enzymes and nitrate transporters are rapidly induced by nitrate, and they have also shown that NRT1.1 and NRT2.1, the dual-affinity and high-affinity transporters, respectively, could also function as nitrate sensors (Little et al. 2005 , Ho et al. 2009 ). Sixteen signal transduction and 11 transcription factor genes were found to be induced or repressed by low N stress in rice (Lian et al. 2006) . Seven signal transduction genes that respond to N deprivation were identified through differential proteomic studies .
Currently, a large set of genome-wide data are available regarding the transcriptional changes induced by N deficiency derived from microarray studies using roots, shoots and seedlings in Arabidopsis (Scheible et al. 2004 , Peng et al. 2007 ) and other species such as rice (Lian et al. 2006 ). These studies have laid a foundation for dissecting the underlying mechanism of physiological changes under N deficiency. Recently, a high-resolution time-course analysis in Arabidopsis using Affymetrix ATH1 gene chips proposed a working temporal model for nitrate-driven gene networks and generated testable hypotheses for the potential mechanisms underlying the NO À 3 transduction signal (Krouk et al. 2010) . Although this information should be helpful in deciphering the poorly understood N signaling pathway, N refeeding and N starvation are different stimuli. Data sets on the N deficiency signaling pathway are still extremely rare, especially at the early stages of the N deficiency response, which would provide more in-depth information on the N regulatory network.
With the development of next-generation high-throughput RNA sequencing technologies (RNA-Seq), a powerful approach is available that can be used to investigate transcriptional regulation systematically. In contrast to hybridization, RNA-Seq offers several advantages, such as low background noise, high sensitivity IN detecting widespread transcription in >90% of the genome, and high levels of reproducibility (Cloonan et al. 2008 , Nagalakshmi et al. 2008 , Wilhelm et al. 2008 ). In the current study, RNA-Seq analysis has been applied on hydroponically grown cucumbers to dissect the early transcriptomic profiles in the leaves under N deficiency conditions. Our aim is to expose the novel transcriptional regulatory mechanism in cucumbers under N deficiency for dissecting the important physiological phenomena in leaves, laying a foundation for improving the NUE while avoiding yield and quality declines. For this purpose, an early time-course transcriptome analysis was employed. Finally, we comprehensively characterized the transcriptome expression profiles and uncovered novel aspects of the metabolism and signaling pathway in N-deficient plants, including anthocyanin synthesis, photosynthetic system reprogramming, cell wall remodeling and ascorbic acid (AsA) metabolism, which will provide new insights for improving crop NUE.
Results and Discussion

RNA-Seq analysis identified early N-deficiency-responsive genes in cucumber leaves
In order to obtain a global view of the early N-deficiencyresponsive transcriptome of cucumber leaves, plants were grown in a hydroponic system and leaves were collected at six time points after transfer of the cucumber seedlings to N-free Hoagland solution: 0 (before transfer), 0.5, 1, 3, 6 and 12 h. The poly(A)-enriched RNA fraction was sequenced using the Illumina HiSeq 2000 platform. For each sample, two biological replicates were sequenced. The sequencing overview is shown in Supplementary Tables S2 and S3. The data have been submitted to the NCBI Short Read Archive under the accession number SRP035251. After removing the adaptor-containing, unknown (the proportion of undetermined bases >10%) and low-quality reads, at least 1.2 Gb of data were obtained for each sample (Supplementary Table S2 ). For most samples, 90% of the sequenced reads could be uniquely mapped (Supplementary Table S3 ).
In total, the expression of 23,248 transcripts was detected in the tested samples, and the transcriptional levels were calculated using the reads per kilobase per million reads (RPKM) measure. A total of 364 N-deficiency-responsive genes were identified using pair-wise comparison between each two time points (corrected P-value 0.01) (Supplementary Table S4 ). Most of the N-deficiency-responsive genes emerged at 6 h compared with other time points (control, 0.5, 1 and 3 h) (Supplementary Table S5 , labeled in red). To validate the RNA-Seq data, 10 representative responsive genes were subjected to quantitative real-time PCR (qRT-PCR) analysis. The results from qRT-PCR and RNA-Seq analysis of these genes were compared. The same expression trend was observed in both biological repeats for all of the genes (Supplementary Figs. S1, S2), which validates the RNA-Seq data.
Functional classification of N-deficiency-responsive genes
The functional classifications are defined using gene ontology (GO) terms, which provide broad functional classifications for genes and gene products based on their corresponding biological processes, cellular components and molecular functions (Fig. 1) . The pathway definitions are derived from the KEGG (Kyoto Encyclopedia of Genes and Genomes) database (Fig. 2) . Marked changes were found in the expression of genes involved in carbon metabolism, such as cell wall, phenylpropanoid and photosynthesis metabolic pathways. Moreover, based on predicted or verified interologs, a protein-protein network among the N-deficiency-responsive genes was constructed. The putative protein interactions were predicted to be primarily involved in photosynthesis ( Supplementary Fig. S3A ), cell wall remodeling and expansion ( Supplementary Fig.  S3B , C), and phenylalanine metabolism ( Supplementary Fig.  S3D , E), which provided a deeper insight into the early N response in cucumber. N-deficiency-responsive genes of the protein-protein interaction network were used as the referenced gene set for co-expression analysis (Supplemetnary Table S6 ).
The results showed that during the early stage of N deficiency, marked changes were found in the expression of genes involved in carbon metabolism. Genes involved in photosynthesis, including genes that code for Chl a-b-binding proteins (CABs), Chl apoprotein, ATP synthase subunit a, and PSII 22 kDa protein, were significantly down-regulated under the severe N-limited condition (Supplementary Table S7) . Genes involved in cell wall loosening, cell expansion or cell wall component synthesis, including genes that code for pectate lyases, xyloglucan endotransglucosylase/hydrolase (XTH) proteins, pectinesterases (PEs), probable polygalacturonase non-catalytic subunits and cellulose synthase A (CESA) catalytic subunit, were also regulated during the early stage of N deficiency response (Supplementary Table S8) .
N stress induces profound changes in antioxidant synthesisrelated gene expression. Genes involved in stilbenoid, diarylheptanoid and gingerol biosynthesis, including Cyt P450 98A2, Cyt P450 77A4 and hydroxycinnamoyl-coenzyme A shikimate/quinate hydroxycinnamoyltransferase, were up-regulated during the early stage of the severe N deficiency condition. Genes participating in flavonoid (anthocyanin) and phenylpropanoid biosynthesis, such as Cyt P450 98A2, peroxidases and hydroxycinnamoyl-coenzyme A shikimate/quinate hydroxycinnamoyltransferase, were significantly up-regulated. All these gene products have been thought to be involved in antioxidation and microorganism resistance in plants.
Furthermore, expression changes in transcriptional factor and kinase genes at the transcriptional level were observed during the early stage of the N deficiency response (Supplementary Table S9 ). Seven ethylene-responsive transcription factors (ERFs), three MYB transcription factors, five NAC domain-containing proteins and four zinc finger proteins were discovered. Also nine leucine-rich repeat (LRR)(-like protein kinases and serine/threonine-protein kinases were identified (Supplementary Table S9 ).
Identification of putative early N response regulatory elements in cucumber
The large and dynamic data set of the quantitative transcriptome makes it difficult to discuss the N-deficiency-responsive genes individually. To provide a deeper insight into the early N response regulatory elements in cucumber during N-deficient conditions, we used the clustering algorithm to analyze the transcriptome data, in which genes with similar accumulation patterns were grouped together.
As presented in Fig. 3A , 364 genes were divided into two distinct cluster groups: a and b. Group a included 196 genes that were down-regulated at 6 h N deficiency (ND), and Group b included 168 genes that were up-regulated (Fig. 3A) . To decipher further the pattern of N-deficiency-induced gene expression over the entire time series, the 364 genes were sorted into six subclusters to gain insight into the genomic reprogramming within 12 h of N deficiency treatment ( Fig. 3B ; Supplementary Table S10) .
Subcluster 1, containing 133 genes, showed elevated expression between ND 3 h and 6 h (Fig. 3B, subcluster 1) . GO biological process enrichment showed that phenylpropanoid metabolism, flavonoid metabolism and jasmonic acid (JA) signal-related processes were over-represented (Supplementary Table S11 ). This subcluster included 13 transcription factors, six signal kinases, three hormone-regulated proteins, two calcium signal-related genes and two other signal genes encoding PHLOEM PROTEIN 2-LIKE A1. Subcluster 3, containing 139 genes, showed an inverse expression pattern to subcluster 1 and contained eight transcription factors, nine signal kinases, four hormone-regulated proteins, three calcium signalrelated genes and two other signal genes, which are mainly involved in the carbon metabolism of the cell wall and photosynthesis ( Fig. 3B , subcluster 3); accordingly GO enrichment analysis within subcluster 3 indicated that cell wall-and photosynthesis-related processes were significant (Supplementary Table S11 ). An expression pattern analogous to subcluster 3 appeared in subcluster 2 (Fig. 3B , subcluster 2). Three signalrelated genes were found in this subcluster, namely a transcription factor (protein YABBY 4), a kinase (protein TOO MANY MOUTHS) and an extensin-like protein. The 24 genes in subcluster 4 showed increased expression within ND 12 h (Fig. 3B , subcluster 4) and included four transcription factors and one calcium signal-related gene. The 27 genes in subcluster 5 showed negative regulation and the earliest responsive pattern, within 0.5 h (Fig. 3B , subcluster 5), and an unknown gene with the GO terms 'intracellular signaling pathway' and 'signaling receptor activity' was identified. Two pentatricopeptide repeat-containing proteins were found, one involved in the sugar-mediated signaling pathway and the other in the regulation of the Chl biosynthetic process. Moreover, more than half of the genes in subcluster 5 had no annotation. Conversely, genes that showed positive regulation within 0.5 h of N deficiency treatment were grouped into subcluster 6 (Fig. 3B , subcluster 6). The genes included in this cluster mainly correspond to photosynthesis and the generation of precursor metabolites and energy, and the relevant GO enrichment is shown in Supplementary Table S11 .
Genes with similar patterns of mRNA expression are probably regulated by similar functions (Allocco et al. 2004 ). Therefore, the target genes involved in the three main physiological changes under early N deficiency, i.e. genes involved in anthocyanin accumulation, photosynthesis regulation and carbon metabolism (Fig. 4) , were further selected for exploration of their co-expression networks with N-deficiencyresponsive genes using Pearson correlation thresholds (Mentzen et al. 2008) . The network layouts were visualized using GraphExplore software (http://graphexplore.cgt.duke. edu), which places highly interconnected nodes close together.
Regulatory network of the anthocyanin synthesis pathway under N deficiency in cucumber
The typical N-deficient phenotype, increased accumulation of anthocyanin, was observed in this study (Fig. 4A) . To explore the molecular mechanism, a comprehensive regulatory network was constructed (Fig. 5) . The N-deficiency-induced transcription factor MYB12 (Lea et al. 2007 ) functioned as a flavonol-specific activator of phenylpropanoid biosynthesis in Arabidopsis and activated the expression of chalcone synthase (CHS), chalcone flavanone isomerase (CHI), flavonoid 3 0 -hydroxylase (F3H) and flavonol synthase (FLS1) in Arabidopsis (Mehrtens et al. 2005) . In this study, the MYB12 orthologous gene in cucumber (Csa3G165690) showed rapidly increased expression at ND 0.5 h and then decreased (Fig. 3B, subcluster 3 ; Supplementary Figs . S1, S2), whereas cucumber CHI showed an extremely similar expression pattern to MYB12 (correlation coefficient 0.88). Two orthologous genes in cucumber, encoding putative UDP-glucose flavonoid 3-O-glucosyltransferase 3 (UFGT3) and UDP-glucose flavonoid 3-O-glucosyltransferase (UFGT7), which shared similar expression patterns with subcluster 1 (a significantly up-regulated expression between ND 3 h and 6 h) (Fig. 3B) , were reported to play critical positive roles in anthocyanin biosynthesis in fruits of grape and litchi (Kobayashi et al. 2001 , Zhao et al. 2012 . Previous studies have illustrated that MYB12 and UFGT could respond to ethylene signaling (Chervin et al. 2009 , Lewis et al. 2011 ). The ethylene precursor 1-aminocyclopropane-1-carboxylate (ACC) is oxidized to ethylene by ACC oxidase (ACO). Interestingly, a homolog of ACO was identified with the expression pattern of subcluster 1, and four ERFs were found in subcluster 1 and two in subcluster 3. These findings suggest that ethylene signaling plays an important role in N-deficiency-induced anthocyanin synthesis. Lewis et al. (2011) demonstrated that the signaling pathways for auxin-and ethylene-mediated flavonol increases are distinct but intersect at the known positive regulator of flavonoid metabolism, MYB12. Růžička et al. (2007) revealed that ethylene could induce primary root growth by regulating auxin biosynthesis and translocation.
Here, several auxin-regulated proteins, e.g. auxin-induced protein X10A (subcluster 3), ABC transporter B family member 19 (subcluster 3), IAA-induced protein ARG7 (subcluster 1) and auxin-repressed 12.5 kDa protein (subcluster 1), were upregulated or down-regualted at ND 6 h. Lin and Wang (2005) reported that ABC transporter mutants reduced the accumulation of anthocyanin and showed abnormal expression of CHS under both darkness and far-red light conditions in Arabidopsis. The ABC transporter B family member 19, an auxin efflux transporter in Arabidopsis (Noh et al. 2001) , has the expression pattern of subcluster 3, i.e. it is downregulated from ND 3 h to 6 h and up-regulated from ND 6 h to 12 h. These results might suggest that auxin signaling is also involved in mediating anthocyanin biosynthesis under N deficiency. Moreover, previous research showed that the tubulin a-6 chain (TUA6) protein is negatively correlated with low-nitrate-induced anthocyanin accumulation in Arabidopsis . Our results showed that TUA6 was down-regulated between ND 3 h and 6 h under N deficiency. Additionally, another two tubulin a chain proteins (TUBAs) and a tubulin b-3 chain protein (TUBB3) were found with an expression pattern of subcluster 3, with ND decreasing from 3 h to 6 h. This finding suggests that the cucumber and Arabidopsis might share a similar regulatory mechanism of interaction between the microtubule cytoskeleton and anthocyanin accumulation. Vanderauwera et al. (2005) demonstrated that as part of the plant antioxidative system, the anthocyanin synthetic genes are also under reactive oxygen species (ROS) regulation. Taken together, these findings strongly suggest that anthocyanin accumulation under N deficiency conditions is regulated by a complex set of networks, potentially by ethylene and auxin signals via the hub MYB12. As we observe, the differential expression in subclusters 1 and 3 (Fig. 3) is transitory (no longer visible at ND 12 h), whereas the effect on anthocyanin accumulation is long lasting. This suggests that early changes in transcript abundance of Ndeficiency-responsive genes activate downstream signaling pathways that will have an impact on the adaptation of the plant to N starvation.
Response of the cucumber photosynthetic system to N deficiency
A number of CAB genes were identified as showing a reduced expression pattern between ND 3 h and 6 h (Fig. 3B, subcluster  3) . The down-regulation of these genes suggested that the photosynthetic apparatus was undergoing extensive degradation under N deficiency. In addition, chlorophyllase-1 (CLH1) was identified as displaying an increased expression pattern (Fig. 3B, subcluster 1) . CLH1 catalyzes the hydrolysis of the ester bond in Chl to yield chlorophyllide and phytol and shows preferential activity toward Chl a (Tsuchiya et al. 1999 , Benedetti et al. 2002 . These results suggested that N deficiency most probably not only repressed the transcription of CAB genes but also accelerated the degradation of Chl. These results might explain why the Chl content decreased under N deficiency conditions (Fig. 4B) and, consequently, the photosynthetic capacity of the plants would be dramatically reduced.
The co-expression of CAB genes and N-deficiency-responsive genes related to the regulation of Chl biosynthesis (Supplementary Table S7 ) was also analyzed. As shown in Fig. 6 , the absolute position of the node (gene) on the plot has no meaning, and only its position relative to other nodes is relevant; the most closely crowded nodes indicate genes with the highest co-expression (Mentzen et al. 2008) . In higher plants, CABs and pigments make up light-harvesting complexes (LHCs) that combine with at least 60% Chl (Jansson 1999) . In this research, a Chl synthesis-related gene, magnesium-chelatase subunit H (BCHH), showed close connections with CAB genes, further hinting at their interdependence.
Interestingly, PSII Chl apoprotein (PSBB and PSBC) and chloroplastic ATP synthase-related proteins (ATPA and ATPB) showed a pattern of increased expression (Fig. 3B , subcluster 4 and 6; Fig. 6 ), presumably as a positive compensation for the decline of photosynthesis capacity. Mitochondrial ATP synthase subunit a protein (two ATPAMs) exhibited the same expression pattern (Fig. 3B, subcluster 6; Fig. 6 ), most probably because plants need more energy to activate the diverse defense responses under N deficiency conditions.
Alterations to cell wall remodeling genes and their possible regulatory mechanism under N deficiency in cucumber
The dynamic nature of plant cell walls is an important characteristic. As cells grow and differentiate, new wall material is laid down near the plasma membrane and older wall material is pushed outward (Keegstra 2010) , a process called cell wall remodeling. A set of cell wall remodeling-related genes is shown in Supplementary Table S8 , most of which displayed decreased expression patterns, as shown in subclusters 2 and 3 in Fig. 3B . This result suggested that N deficiency led to sluggish cell wall remodeling. Cortical microtubules are important in determining cellulose microfibril orientation (Wightman and Turner 2010) . In the present study, four tubulin chain proteins showed reduced expression patterns (Fig. 3B, subcluster 3) , as CESA catalytic subunit 7, under N deficiency conditions. Reportedly, brassinosteroids (BRs) actually modulate the microtubule organization without altering tubulin gene expression (Catterou et al. 2001 ) and regulate cellulose biosynthesis by controlling the expression of CESA genes in Arabidopsis (Xie et al. 2011) . The BRI1 kinase inhibitor 1 gene (BKI1), a negative regulator involved in the BR signaling pathway, was up-regulated under N deficiency (Fig. 3B, subcluster 1) . Wang et al. (2011) reported that the steroid-induced phosphorylated BKI1 also plays positive roles in BR signaling by interacting with a subset of 14-3-3 proteins. Although 14-3-3 proteins were not identified in the present study, the 14-3-3 protein GF14 showed an increased expression in a recent N deficiency proteomics investigation in Arabidopsis , possibly because these two interacting proteins are not modulated at the same molecular level. Two BRregulated protein genes (BRU1) involved in cell wall loosening, probable XTH protein 16 and 25, were down-regulated under N deficiency (Fig. 3B, subcluster 3) . All of these findings suggest that the BR signaling pathway modulates cell wall remodeling under N deficiency in cucumber.
Surprisingly, two PEs and probable pectate lyase (Pel) 22 showed elevated expression patterns (Fig. 3B, subcluster 1) , and three PE/PE inhibitors showed decreased expression levels (Fig. 3B, subcluster 3) . Presumably, the strengthening of pectin breakdown under N deficiency may provide materials to other biological processes, compensating for the depressed photosynthetic carbon assimilation. Two co-expression networks were constructed with cell wall-related genes (Fig. 7) . These networks revealed that three NAC domain-containing transcription factors (Csa3G523580, Csa5G606310 and Csa1G038340) involved in diverse signaling pathways mediated by hormones (auxin, JA and ABA) were closely connected with PEs and probable Pel22, which may suggest a contribution to the regulation of PE and Pel transcription (Fig. 7B) . The larger network (Fig. 7A) incorporates one ethylene-responsive transcription factor, ERF062, and five kinases that correspond to diverse hormone responses, including ethylene, JA, BR and ABA (Supplementary Table S8 ). To summarize, multiple hormone signals might be involved in the regulation of cell wall remodeling under N deficiency conditions. Dynamic changes in the AsA level in response to N deficiency in the cucumber leaf and fruit and their possible regulatory mechanism Previous work on tomatoes showed that a short-term low-N treatment would increase the AsA level significantly without a remarkable reduction of yield (Bénard et al. 2009 ). We also demonstrated these findings on cucumber fruit ( Fig. 4C, D ; Supplementary Table S12). The AsA and AsA + dehydroascorbic acid (DHA) contents under N deficiency were higher than the AsA and AsA + DHA contents under the control treatment. Relevant physiological studies under N deficiency conditions were also performed in cucumber seedling leaves. Similarly, the accumulation of AsA and AsA + DHA under N deficiency was higher than under the control treatment (Fig. 4E, F) . It was previously reported that four known pathways in plants constructed a complex network of AsA biosynthesis, D-mannose/L-galactose- (Wheeler et al. 1998 ), L-gulose- (Wolucka and Van Montagu 2003) , D-galacturonate- (Agius et al. 2003 ) and myo-inositol-based pathways (Lorence et al. 2004 ). In the present study, new insights into the D-galacturonate pathway were determined based on the RNA-Seq data. AsA biosynthesis in strawberry fruit occurs through D-galacturonic acid, a principal component of cell wall pectin. Reduced pectin solubilization in the cell walls of transgenic strawberry fruit with decreased expression of an endogenous Pel gene resulted in lower AsA content (Agius et al. 2003) . We found that a probable Pel22 and two PE genes playing roles in pectin breakdown displayed higher expression levels under N deficiency conditions (Fig. 3B, subcluster 1) , which probably provided more materials to the D-galacturonate pathway for AsA biosynthesis. Although we have not identified any key genes in the D-galacturonate pathway that show significant differences in expression under low N supply, this result is probably because of the focus of this study, which was on early-stage transcriptome changes. In addition, inositol oxygenase 2 (MIOX2), a key enzyme in the myo-inositol based pathway for AsA synthesis, showed elevated expression (Fig. 3B, subcluster 1) under N deficiency. Hence, it is also possible that N deficiency potentially activated the myo-inositol-based pathway, thereby initiating AsA biosynthesis. It would be very interesting to address the potential mechanism underlying the increase in AsA levels under N deficiency in cucumber fruits. It could help to increase AsA content in fruit while avoiding a decline of yield in cucumber production, which should be an effective way to increase both cucumber NUE and quality.
Comparison with extant microarray data of other plants
To evaluate comprehensively the adaptive responses to N deficiency in plants, we compared the changes in biological processes that were observed in this research with the published microarray data for the transcriptomes and proteomes (Supplementary Table S13 ) of Arabidopsis, rice and barley in response to N deficiency (Scheible et al. 2004 , Lian et al. 2006 , Peng et al. 2007 , Krapp et al. 2011 , Møller et al. 2011 ).
We found a high degree of consistency between the two data sources, and approximately 80% of biological process responses in our study were observed in previous studies. This result indicated that the adaptive responses to N deficiency, such as changes to photosynthesis, phenylpropanoid metabolism, protein and amino acid metabolism, carbon metabolism and abiotic-and biotic-responsive processes, are common in different plants. However, the biological processes found in this research, including the JA-mediated signaling pathway, reproductive structure development and immune system process regulation, have not been frequently observed in previous N deficiency studies, which is probably attributable to differences in the GO mapping or sampling time points.
In our transcriptome analyses, we identified 64 signal-related genes that included transcriptional factors, kinases and other signal genes. Gene-by-gene comparisons with previous studies (Scheible et al. 2004 , Lian et al. 2006 , Peng et al. 2007 , Krapp et al. 2011 , Møller et al. 2011 revealed limited consistency (Supplementary Table S14 ). NAC29 showed elevated expression at ND 6 h, and it was also responsive to chronic low N (Scheible et al. 2004 , Peng et al. 2007 ). The expression of serine/threonine protein kinase-like protein ACR4 was changed, and this result was also found in chronic low N research in Arabidopsis ). Here, an ACO6 homolog involved in ethylene synthesis was identified, and ACO4 and another ACO homolog showed responses to N deficiency in chronic low N studies , Peng et al. 2007 . Aside from the similarities listed above, no similarities in the single gene comparisons were found, which suggested that there is a specific N-deficient response mechanism in cucumber plants.
Conclusion
In this research, we used RNA-Seq to study the transcriptome of a non-model important crop species in response to N deficiency. According to the data, we speculated that ethylene and auxin signals regulated the anthocyanin accumulation via the hub MYB12, and we also investigated the reprogramming of the photosystem under N deficiency. In addition, a linkage between cell wall breakdown and AsA metabolism under N deficiency was proposed because it may provide potential improvements to NUE and fruit quality under N deficiency (Fig. 8) . Overall, these findings have increased our understanding of plant acclimation to N deficiency.
Materials and Methods
Plant materials and growth conditions
Cucumis sativus L. var. sativus cv. '9930' was germinated in the dark on wet filter paper at 30 C for 24 h and then transferred to a sponge floating on distilled water and further grown at day/night temperatures of 28/20 C with a 14 h photoperiod in a phytotron. Upon the emergence of the first true leaf, the seedlings were transferred to a hydroponic system containing modified Hoagland solution (11 mM NO For the physiological determination, the same treatment method was adopted. For the AsA concentration, cucumber leaves and fruits were harvested at 0, 1, 3, 5 and 7 d after treatment. For anthocyanin and Chl content, the leaves were harvested at 0, 3, 6, 12, 24 and 48 h during N deficiency and at 7 and 24 h during recovery.
RNA extraction, cDNA library preparation and sequencing for RNA-Seq
The total RNA was isolated using the TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA degradation and contamination were monitored on 1% agarose gels. RNA purity was checked using the NanoPhotometer Õ spectrophotometer (IMPLEN). RNA concentration was measured using the Qubit Õ RNA Assay Kit in a Qubit Õ 2.0 Fluorometer (Life Technologies). RNA integrity was assessed using the RNA 6000 Pico Assay Kit of the Bioanalyzer 2100 system (Agilent Technologies). A total quantity of 3 mg of RNA per sample was used as input material for the RNA sample preparations. All 12 samples had RIN values >8. Sequencing libraries were generated using the Illumina TruSeq TM RNA Sample Preparation Kit following the manufacturer's recommendations, and four index codes were added to attribute sequences to each sample. Briefly, mRNA was purified from the total RNA using poly(T) oligo-attached magnetic beads. Fragmentation was carried out using divalent cations under elevated temperature in Illumina proprietary fragmentation buffer. First-strand cDNA was synthesized using random oligonucleotides and SuperScript II. Second-strand cDNA synthesis was subsequently performed using DNA polymerase I and RNase H. The remaining overhangs were converted into blunt ends via exonuclease/polymerase activities, and the enzymes were removed. After the adenylation of the 3 0 ends of DNA fragments, Illumina PE adaptor oligonucleotides were ligated to prepare for hybridization. To select preferentially cDNA fragments of 200 bp in length, the library fragments were purified with the AMPure XP system (Beckman Coulter). DNA fragments with ligated adaptor molecules on both ends were selectively enriched using Illumina PCR Primer Cocktail in a 15 cycle PCR. The products were purified (AMPure XP system) and quantified using the Agilent high-sensitivity DNA assay on the Agilent Bioanalyzer 2100 system. The clustering of the indexcoded samples was performed on a cBot Cluster Generation System using the TruSeq PE Cluster Kit v3-cBot-HS (Illumina) according to the manufacturer's instructions. After cluster generation, the library preparations were sequenced on an Illumina HiSeq 2000 platform, and 100 bp single-end reads were generated. The raw data (raw reads) in fastq format were first processed through inhouse Perl scripts. In this step, clean data (clean reads) were obtained by removing reads containing an adaptor and poly(N) and those of a low quality from the raw data. At the same time, the Q20, Q30, GC content, and sequence duplication level of the clean data were calculated. All the downstream analyses were based on the high-quality clean data.
Reads mapping to the reference genome and quantification of gene expression levels
The reference genome and gene model annotation files were downloaded from the genome website (http://www.icugi.org/cgi-bin/ICuGI/genome/index. cgi?organism=cucumber). An index of the reference genome was built using Bowtie v0.12.8 (Langmead et al. 2009 ), and single-end clean reads were aligned to the reference genome using TopHat v1.4.0 ). We selected TopHat as the mapping tool because it can generate a database of splice junctions based on the gene model annotation file and thus produce a better mapping result than other non-splice mapping tools. HTSeq v0.5.3 was used to count the read numbers mapped to each gene. The RPKM of each gene were calculated based on the length of the gene and the read count mapped to the gene. RPKM simultaneously considers the effects of sequencing depth and gene length on the read count and is currently the most commonly used method for estimating gene expression levels (Mortazavi et al. 2008 ).
Identification of N-deficiency-responsive genes
Differential expression analysis of any two time points (two biological replicates per time point) was performed using the DESeq R package (1.10.1) (Anders et al. 2010, Robinson and . The P-values were adjusted using the Benjamini and Hochberg method (1995) . A corrected P-value of 0.01 was set as the threshold for significantly differential expression.
GO, KEGG enrichment, protein-protein interaction and transcriptome co-expression analyses
A GO enrichment analysis of N-deficiency-responsive genes was implemented with the GOseq R package (Young et al. 2010) , in which the gene length bias was corrected. The GO terms with corrected P-values of <0.05 were considered significantly enriched. After the data correction with the R package, KOBAS software was used to test the statistical enrichment of N-deficiency-responsive genes in the KEGG pathways (Mao et al. 2005) . The protein interaction networks of N-deficiency-responsive genes were acquired based on the information in the STRING database (http://string-db.org/). Cytoscape software was used to visualize the interaction networks. The Pearson correlations of the N-deficiency-responsive genes were calculated in pairs, and a clustering analysis of the time-course profiles of differential genes was executed by H-cluster software. The values >0.7 were used to construct a co-expression network that was visualized through GraphExplore (http://www.stat.duke.edu/research/software/west/GraphExplore/index.html).
Physiological parameter measurements
Chl levels were measured using the formula: Chl concentration (mg g -1 ) = (20.31ÂOD 645 + 8.03ÂOD 663 )Âextraction volume (ml)/weight of tissue sample (g) according to Arnon (1949) . The anthocyanin content was calculated as previously described (Sunkar et al. 2006) . The AsA and DHA contents in trichloroacetic acid were determined as described by Law et al. (1983) .
Validation of mRNA-Seq by qRT-PCR
A 1 mg aliquot of total RNA for each sample was used for reverse transcription, and first-strand cDNA synthesis was performed using the Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific). 'SYBR Premix Ex Taq' (TAKARA) was used in all qRT-PCR analyses. All qRT-PCR analyses were performed in two biological replicates with three technical replicates (Ando et al. 2012) in the IQ5 (Bio-Rad), and the results were generated by the IQ5 software. The qRT-PCRs were performed under the following conditions: 30 s at 95 C, 40 cycles of 5 s at 95 C and 30 s at 60 C, and 71 cycles of 30 s at 60 C (SYBR Premix Ex Taq protocol, TAKARA). After the PCR, a melting curve was generated by gradually increasing the temperature to 95 C to test the amplicon specificity. For relative quantification, the 2 -ÁÁCt method (Livak and Schmittgen 2001) was used. A cucumber F-actin-capping protein subunit a gene (Csa2G03172) was detected as an internal reference. The primers are presented in Supplementary Table S1 .
